Currently, the only compounds known to support fixation and functionalization of dinitrogen (N 2 ) under nonmatrix conditions are based on metals. Here we present the observation of N 2 binding and reduction by a nonmetal, specifically a dicoordinate borylene. Depending on the reaction conditions under which potassium graphite is introduced as a reductant, N nuclear magnetic resonance spectroscopy. Protonation of the dianionic compound with distilled water furnishes a diradical product with a central hydrazido B 2 N 2 H 2 unit. All three products were characterized spectroscopically and crystallographically.
T he element nitrogen is essential for life on Earth and makes up over three-quarters of the atmosphere by volume, yet its common elemental form (dinitrogen, N 2 ) is extremely stable and thus difficult to utilize. Nature overcomes this through the nitrogen-binding enzymes called nitrogenases (1, 2) , whereas industry relies on the energy-intensive, transition-metalcatalyzed Haber-Bosch process (3, 4) to convert dinitrogen to ammonia for the production of fertilizer. In the century since the discovery of the Haber-Bosch process, a number of transition-metal (TM) species have been found to bind (and even functionalize) N 2 at low temperatures (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . The rare ability of certain transition-metal complexes to bind N 2 is attributed to their advantageous combination of unoccupied and occupied d orbitals, which are of appropriate energy and symmetry to synergically accept electron density from and backdonate to N 2 (Fig. 1A) . The latter process, termed p backdonation, weakens the N-N bond while simultaneously strengthening the metal-nitrogen bond and is thus crucial in effective N 2 binding and activation. In contrast to transition metals, main-group compounds generally lack the combination of empty and filled orbitals required to form bonds of s and p symmetry, respectively, and thus very few are able to provide p backbonding. Accordingly, N 2 binding by p-block compounds is currently restricted to a handful of highly reactive, most often strongly Lewis acidic, species generated in the gas phase or under matrix isolation conditions (15) (16) (17) (18) . Of the main-group elements, only the strongly reductive element lithium reacts with N 2 at room temperature (albeit slowly) to give an isolable product, the binary nitride Li 3 N (19) .
Over the past decade, advances in the chemistry of low-valent, low-coordinate main-group elements have indicated that these compounds, often bearing reactive lone pairs of electrons as well as vacant orbitals at the same atom, effectively mimic transition metals in many reactions (20) . Undoubtedly the most well-developed examples of these are the singlet carbenes (:CR 2 ), particularly the s-donating and p-accepting carbenes developed by Bertrand and co-workers (21) . The combination of filled and empty orbitals proximal in space and energy in these compounds has facilitated binding and activation of a number of challenging small molecules such as H 2 , NH 3 , and P 4 under mild conditions. Basestabilized borylenes (22, 23) , compounds containing a monovalent boron atom and one or two neutral donor groups (:BRL n ; n = 1, 2; R = anionic substituent; L = neutral donor; Fig. 1B) , are a promising recent addition to the family of maingroup metallomimetics. In 2014, Stephan and Bertrand reported the fixation of CO at the boron atom of a borylene-like allenic dicoordinate (RBL) species (Fig. 1B , ii and iii) (24) , and we have subsequently detailed photolytic decarbonylation and donor exchange reactions (Fig. 1B, i to iii) at monovalent boron centers (25, 26) -all characteristic reactions of transition metals. Our observation of strong p-backbonding from boron to CO in a number of borylene complexes (Fig. 1B, i) , which is also a bonding motif critical to end-on dinitrogen binding to metal centers (Fig. 1A) , inspired us to test our borylene fragment as a scaffold to bind N 2 . The suitability of borylenes as candidates for N 2 binding is further underlined by a recent report of N 2 binding by the unstabilized borylene "PhB:" under matrix conditions (18) .
In previous work, we showed that borylene species [DurB(CO)(CAAC)] [3, Fig. 1C ; Dur = 2,3,5,6-tetramethylphenyl; CAAC = 1-(2,6-diisopropylphenyl)-3,3,5,5-tetramethylpyrrolidin-2-ylidene] undergoes photolytic decarbonylation to generate the transient dicoordinate borylene [DurB(CAAC)] (2), which could be trapped with Lewis bases (pyridine, isonitrile, N-heterocyclic carbene) or would undergo C-H activation in the absence of a base (26) . However, similar attempts to bind N 2 to the boron atom by photodecarbonylation under a N 2 atmosphere provided only the previously reported C-H activation product 4.
During a search for a more convenient synthetic route to 3 {previously accessible only by addition of CAAC to transition-metal borylene complex [Fe(BDur)(CO) 3 resembles that of a TM-like (N 2 -to-M s-donation and M-to-N 2 p-backbonding) coordination complex of N 2 rather than that of organic azo (i.e., C-N=N-C), hydrazido [C-N(H)-N(H)-C], or diimido (C=N-N=C) compounds. This is hinted at by the short B-C carbene bonds [B1-C1: 1.528(5) Å; B2-C2: 1.541(4) Å], which suggest that the boron atoms have monovalent borylene character, to which the N 2 unit acts as a Lewis s-donor and p-acceptor. Indeed, the formal boron-centered lone pairs of electrons appear to be delocalized between both the N 2 and CAAC ligands in p-backbonding interactions that are plausibly the key to the stability of the complex (22, 23) . Metal-to-N 2 p-backdonation is also known to be an important factor in many transition-metal complexes of N 2 and to contribute to the weakening of the N 2 bond, critical for its functionalization (6) (7) (8) (9) (10) (11) (12) (13) (14) . Accordingly, 5 is structurally similar to 3 but features slightly longer B-C carbene bonds [3: 1.499(2) Å], suggesting that the N 2 fragment in 5 accepts a higher degree of backbonding from boron than does CO in 3, thus decreasing the B-to-CAAC backdonation. The strong B-to-N 2 backbonding can also explain the long N-N bond in 5 when compared to many bridging, end-on-bound metaldinitrogen complexes (14) . S21 ). At -38°C, the exchange is slow enough to allow the acquisition of well-resolved spectra ( fig. S22 ). These show that both conformers are unsymmetrical, similar to the solid-state structure, with two distinct sets of CAAC and duryl resonances for each conformer. Unfortunately, however, the dinitrogen compound 5 could not be reproducibly separated from the borylene C-H activation product 4 owing to the low yield of 5 and the very similar solubilities of the compounds.
Given this complication, and the need for two borylene fragments to bind the dinitrogen in 5, we reasoned that maximizing the concentration of the borylene 2 in the reaction solution might lead to better selectivity to 5 and its isolation. We therefore sought to use the one-electron reduction product of 1, the captodatively stabilized radical [(CAAC)BBrDur] (6, Fig. 1C) , as an advanced intermediate to rapidly generate borylene 2 by a simple one-electron reduction step. Radical 6, the bromide analog of previously published radical [(CAAC)BClDur] (30), was thus prepared and isolated by reduction of 1 with a 1.5-fold excess of KC 8 under argon ( Fig. 1C ; see supplementary materials for details). Subsequently, solid 6 was treated with 10 equivalents of KC 8 in toluene at -80°C under dinitrogen, and the solution turned an intense fuchsia, indicating the formation of 5. The flask was then placed under 4 atm of dinitrogen and with stirring warmed to room temperature over~20 min, during which time the initial fuchsia color gave way to deep blue. After 4 hours of reaction, a dark blue, highly sensitive solid was isolated in good yield (64%) from this mixture and ascertained to be the dipotassium complex {[(CAAC)DurB] 2 (m 2 -N 2 K 2 )} (7, Fig. 2 ), a product of two-electron reduction of dinitrogen compound 5. Conveniently, in contrast to 5, 7 can be separated from the side-product 4 and its presumed overreduction decomposition products by washing the solid with cold pentane. Complex orbitals of the N 2 fragment concomitant with its reduction. The N-N bond is also slightly (4.5%) longer in 7 [1.304(3) Å] than in 5. A similar, but smaller, difference was observed by Holland and co-workers between a (LFe=N=N=FeL) complex and its reduced dipotassium congener, the latter having a 2.8% longer N-N bond (31) . Calculations indicate that the strength of the B-CAAC and B-N bonds mirrors the structural changes from 5 to 7 (WBI: B1-C1 = B2-C2 = 1.42; B1-N1 = B2-N2 = 0.87). The strength of the N-N bond, by contrast, does not change substantially (WBI: 1.65) and remains in the range of the strength for double bonds. The natural charges of the nitrogen atoms, however, become more negative from 5 (-0.358, -0.362) to 7 (-0.485), reflective of the reduction of the dinitrogen fragment. Similar negative charges appear on the C CAAC atom of 7, consistent with a rerouting of the boron backbonding from the N 2 fragment to the CAAC ligand. Although 7 can be reliably and reproducibly isolated, it decomposes rapidly when exposed to air, moisture, or protic compounds, especially when in solution.
Although we could not isolate pure samples of neutral dinitrogen compound 5 from the reduction of radical 6 under N 2 as it rapidly converts to 7, we were gratified to observe that the product dipotassium complex 7 can be readily oxidized by ambient air to provide pure 5 in good yield (79%) as deep purple crystals (Fig. 2B) . Compound 5 can also be quantitatively reduced back to its dipotassium complex 7 by treatment with KC 8 under argon. Alternatively, treating the dipotassium complex 7 with distilled water led to a turquoise solution showing no 11 B NMR signal, from which a turquoise solid was isolated in 74% yield. This compound was shown by singlecrystal x-ray diffraction, electron paramagnetic resonance (EPR) spectroscopy, high-resolution mass spectrometry, and infrared spectroscopy (N-H band at n = 3403 cm are donated to boron. Mirroring the conversion of the dinitrogen moiety to a hydrazido fragment, the computed WBI for the N-N is also the smallest of the series (1.13), which is consistent with the assignment of a single bond and similar to the parent hydrazine and diphenylhydrazine calculated as model compounds (1.04 and 1.02, respectively). The N atomic charges are also the most negative of the series (-0.581, -0.572). That hydrazino compound 8 is a diradical is unsurprising, given that stable radicals of the form [(CAAC)BR 2 ]
• are known, of which the aforementioned radical 6 is an example (30) .
As a final confirmation that the products reported herein arise from the fixation of dinitrogen, we prepared the 15 N isotopologues of the diamagnetic species 5 and 7 and characterized them by 15 N NMR spectroscopy. Dipotassium complex 7-15 N was synthesized in a similar manner to 7 by the reduction of 6 with~10 equivalents of KC 8 under an atmosphere of 15 N 2 (98% isotopic purity) and was isolated in 40% yield as a blue solid showing analogous 11 B and 1 H NMR spectra to 7, and a broad singlet at 235 ppm in its 15 N NMR spectrum ( fig. S42 ). High-resolution mass spectroscopy (HRMS) allowed determination of the exact empirical formula of 7-15 N, showing a molecular ion signal and isotopic distribution corresponding to replacement of two K + ions with H + ions (as also observed in the HRMS of its These results provide an important bridgehead for dinitrogen activation with elements of the p block, having the potential to lead to a range of nitrogen-containing molecules with exciting applications.
